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ABSTRACT

The proposed engineering barriers for the Highvel nuclear waste repository in Yucca Mountain include

a double walled container and a detached dripldhThe candidate material for the external wall of the
container is Alloy 22 (N06022). One of the anticipated degradation modes for the containers could be
environmetally assisted cracking (EAC). The objective of the current research was to chamtteriz
effect of applied potential and temperature on the susceptibility of Alloy 22 to EAC in simulatednconce
trated water (SCW) and other environments using the slow strain rate technique (SSRT). Results show
that the tenperature and applied potentialygaa strong influence on the susceptibility of Alloy 22 to
suffer EAC in SCW solution. Limited results show that sodium fluoride solution is more detrimental
than sodium chloride solution.

Keywords: nuclear waste container, NO6022, environmentallgi@sscracking (EAC), slow strain rate
technique (SSRT), applied potential, simulated concentrated water (SCW), temperature

INTRODUCTION

The current design concept for the hilgivel nuclear waste containers in the USA is based on a metallic
multi-barrier system. This design specifies an external layer of Alloy 22 (N06022) antemal layer

of type 316 stainless steel (S31603)Alloy 22 is a nickel (Ni) based alloy that contains appirately
22% chromium (Cr), 13% molybdenum (Mo), 3% tungste#) and 3% iron (Fe)* The main purpose of
the internal barrier is to provide structural integrity and to contribute to the shieldingdisition. The
main role of the external barrier is to provide protection against corrosfolloy 22 is widely used in
industrial corrosive applications since it can tolerate a wide range of conditions, from reducing o oxidi
ing and from acidic to alkalin€® In the presence of water, there are three main modes of corrosion that
Alloy 22 may undergo at the emgtement site in Yucca Mountain, namely general corrosion, localized
corrosion and environmentally assisted cracking (EACEAC may include degradation mechanisms
such as stress corrosion cracking (SCC) and hydrogen induced cracking (HIC) or hydrogétieemb
ment (HE).



Mill annealed Alloy 22 is highly resistant to SCC in acidic concentrated chloride soluidf§. Dunn

et al. did not find SCC when they tested Alloy 22 in 14 molal @k MgC}) at 110°C and 9.1 molal
LiCl at 95°C under controllegotential ****** They used wedge opening loaded double cantilever beam
(DCB) and compact tension (CT) specimens at stress intensities in the range 32 to 47'ffBatimes

as long a 52 weeks!**'* Rebak reported that Alloy 22end specimens didot suffer SCC whemne
posed to 45% MgGlat 154°C for up to 6 week$? Estill et al. peformed SSRT at a 1.6 x 10s™ strain

rate at the corrosion potential ) in saturated CaGl(>10 M CI) at 120°C and 1% Pbght 95°C*°
None of these specimeshowed a loss of ductility or secondary crackifig.

Even though Alloy 22 is resistant to SCC in concentrated chloride solutions, it may be sbigceptier

other severe environmental conditiorfé> Andresen et al. tested the susceptibility of Allay & EAC

at the corrosion potential (&) in basic saturated water (BSW) at 110*CThis BSW multiionic sol-

tion is a version of concentrated solutions that might be obtained after evaporative tests of Yucea Mou
tain ground waters. Using the revergiBC potential drop technique,miresen et al. reported a crack
grow rate of 5 x 13°m/s in a 20% coldvorked specimen loaded to a stress intensity of 30 MBa.m
This EAC testing was carried out in air saturated BSW water of pH ~ 13. The testingiooadised by
Andresen et al. were highly aggressive and, in spite of that, the measured crack growth rate was near the
detection limit of the systerl. Rebak et al. reported that Alloy 22-bend specimens suffered ten
granular SCC when they were expog$ed336 h to aqueous solutions of 20% HF at 93°C and to its co
responding vapor phasé. The liquid phase was more aggressive than the vapor phaBelvirenti et

al. reported transgranular cracking in one out of four Alloy 2bé&hd specimen exposearfl5 days at
250°C in concentrated ground water contaminated with 0.5 % lead (Pb) and acidified to pFOEs-

till et al. performed slow strain rate tests, cyclic loading tests arigehld tests in large variety of elnv
ronments (temperature, applipdtential and solution compositioff) They only reported SCC on MA
Alloy 22% through SSRT in saturated concentrated water (SCW) at 73°C and at a potential of +0.4V
[SSC]:

Recent published studies found that Alloy 22 was resistant to stress correaaking (SCC) in hot
concentrated chloride solutions and in simulated concentrated water (SCW) and other concentrated
ground waters?>?* Compact tasion (CT) specimens of Alloy 22 were tested for over 3000 hours at an
applied stress intensity of 47 MPa'? in 9.1 M LiCl solution at 95°C. None of the specimens suffered
SCC even at applied patgals higher than the crevice repassivation poterfifalA similar test was run

on an Alloy 22 CT specimen at an appliedtential of +380 mV [SCE] in SCW solwn at 73°C and
95°C. The specimen was free from SC&.The same investigators reported that Alloy 22béhd
specimens did not crack in presence of suparséd PbGlpH 0.5 at 95°C after more than 40 days of
testing.?? It was also reported that weldesid norwelded Alloy 22 Ubend specimens exposed in SCW

at 90°C and at +400 mV SSC were free from EAC after 28 days. From Referen@&3s B2s apparent

that Alloy 22 would suffer EAC in hot SCW at +400 mV SSC under continuous deformation or dynamic
loading (SSRT) but would not suffer EAC under constant loading or constant deformation, at keast du
ing the testing time reported®* Similarly to results reported in Reference 17 using mlsimation of

cyclic and constant loading and monitoring crackwgitoin concentrated ground waters by the reversing
DC potential drop technique, Andresen et al. continued their testing program on Alloy 22, adding 20%
cold worked and thermally aged materiad$. They reported some of theu@st ever measured crack
propajation rates in the order of 2 x 1m/s and described that it is exceedingly unlikely that Alloy 22
would suffer SCC under the container the static emplacement conditions.

The effect of embrittlement by hydrogen entrance into the metal is commoalyated by applying e
chanical deformation to specimens under cathodic applied potentials (or currents). Earlier stugies on h



drogen damage of NCr-Mo alloys were performed using alloy-£76, mostly regarding oil and gag-e
ploration studies®?® The first exidence of hydrogen damage of Alloy 22 was reported in 1991 using
slow strain rate tests (SSRT) at ef@rmation rate of 4 x 18in/s.?” That is, SSRT tests were conducted

on Alloy 22 electrodes preharged with hydrogen for 24 h by applying a cadit current density of 20
mA/cm? and continuing during the straining tests in 0.1 M sodium sulfate§@a solution at 20°C,

50°C and 85°C?’ The baseline time to failure and reduction in area at rupture in inert test conditions
(air) for Alloy 22 werel65 h and 75%, respectively. Under cathodic charging, the times to failures
werel18 h, 135 h and 160 h and the retehns in area 43%, 48% and 64% both at 25°C, 50°C and 85°C,
respectively?’ That is, the higher the temperature, the lower the suffengloriétlement. For example, at
25°C, the time to failure was reduced 28% as compared to air, while at 85°C the reduction in the time to
failure was only 3%. Abundant secondary cracking was reported for the specimen strained &t 25°C.
This is a phenomenoattributed to hydrogen damage such as hydrogen embrittlement (HE) or hydrogen
induced craking (HIC). ®?® In another similar study, Alloy 22 electrodes were also cathodically pre
charged at 20 mA/cm? and then SSRT tested in 0.1,8®J solutions, presuably at the ambient ta-
perature. The preharge treatments were carried for 1 and 2 weeks and charging continued throughout
the straning.>>*° The used strain rate was not stated but the authors reported that an annealed Alloy 22
specimen strained presably in air (no charging) npptured after 182 h of straining. A specimen that was
pre-charged for 1 week failed at 149 h of straining and a specimen charged for 2 weeks failed after 134 h
of straining. Under the same conditions, the reduction in araad/&rom 80% (no charging), to 63% (1
week charging) to 55% (2 week chargin}>° The authors also studied thifext of thermal aging (100

h at 500°C) and cold working on the susceptibility of Alloy 22 to cathodic charging and they found even
stronger tss of ductility due to environmental effects than for the mill annealed material. They attributed
this behavior to hydrgen damagé®*°

The purpose of the present work was use SSRT to explore the influence of applied potentiaktteeper
and electolyte composition on the susceptibility of Alloy 22 to suffer EAC.

EXPERIMENTAL

The SSRT specimens were machined from wrought mill annealed plate stock (Hee®-3228). The
chemical composition of the alloy in weight percent was: ~57% Ni, 21.7%18£6% Mo, 2.8% W,

3.59% Fe, 1.03% Co, 0.27% Mn, 0.14% V, 0.004% C and 0.001% S. The typical mechanical properties
of MA plate material are listed in Table 1. The specimens were tested in theesined condition,

which corresponded to a root mean squéRdS) roughness of 32-inch. The specimens weresd
greased in acetone before testing. Each specimen wiaslrecal, approximately 7.28nch (184 mm)

long and 0.438nch (11 mm) diameter. The useful gage of the specimens washl(25.4 mm) long

and hada 0.Xinch (2.54 mm) diameter. Only the useful gage section was exposed to the electralyte sol
tion. Other areas of the specimens were covered with a protective coating. The slow strain rate tests
were conducted at a constant deformation rate of 1.67%s10

Tests were carried in simpler solutions such as in sodium fluoride (NaF) (Table 2) and in simulated co
centrated water (SCW), which is a complex electrolyte simulating an environment that would be o
tained after educing the volume of ground weat from the Yucca Mountain site approximately 1000
times through evapation. The used composition of SCW in mg/L was: 3,400 potassium (K), 40,900
sodium (Na), 1,400 flarine (F), 6,700 chlorine (Cl). 6,400 nitrate (N{ 16,700 sulfate (S£3), 70,000
bicarbonate (HC®) and approximately 40 silicon (S{p The most likely environments at thene
placement site at Yucca Mountain would contain a wide variety of ions as a consequence of interactions



between water and minerals in the mount&fii> The eleatolyte solutions were natally aerated:; that

is, a stream of air was circulated above the level of the electrolyte solution. All tests were carried out u
der ambient pressure. Some tests were carried at the free corroding potegtled i others werear-

ried under applied potential. The corrosion potentialg)Ebefore each test ire reported in Table 2rbu

ing the straining tests, the current was continuously recorded for the polarized electrodes and the free
corrosion potential was recorded foethonpolarized electrodes. The electrochemical potentials in this
paper are reported in the saturated sHsi#rer chloride scale [SSC]. At ambient temgeire, the SSC

scale is 199 mV more positive than the normal hydrogen electrode (NHE). After tetengamples

were evaluated using optical and scanning electron rstofy (SEM).

The slow strain rate technique (SSRT) is an efficient tool to assess the susceptibility of a metal (alloy) to
suffer environmentally assisted cracking (EAC) such asstesosion cracking (SCC) and hydrogen
induced cracking (HIC). This technique is described by the ASTM standard G 129, and is not intended
to represent service performant&SSRT is an accelerated screening method to examine, for example,
the influenceof environmental and metallurgical variables on EAC. During SSRT tests, the specimen is
slowly deformed by constant elongation rate (CER) until it ruptures. The defamrate used in the

tests reported here was 0.0001002 inch per minute or approxiniaéalyk 10° sec’. At this deforna-

tion rate, a onench (25.4 mm) long gage of the ductile Alloy 22 could take up® &ays to break. The
suscepbility to EAC can then be measured by the time to failure of the specimen or the maximum load
reached durig straining as cmpared to a specimen tested in inert conditions (air). The lower the time to
failure, the more likely the test conditions would cause EAC in the alloy ofaste Similar analysis can

be made for the maximum load. Otherwise, the susciiptito EAC could also be assessed by measu

ing the reduction of area (RA) of the specimen at the moment of rupture. A ductile specimen offers high
reduction of area (necking) while a specimen that is suffering EAC may offer a lowtredwf area.

RESULTS AND DISCUSSION
Effect of the Applied Potential

Table 2 shows experimental results from the SSRT tests. A few of the results listed in Table 2 brere pu
lished before?* Table 2 details the corrosion potential{g of the specimen before the juttial of in-

terest was applied, the applied potential during the tests, the time to failure during corftamtation

rate straining, the maximum stress (load) attained during straining and the reduction of area (RA) of the
specimen (necking) at the monteof rupture.

The effect of applied potential was studied mainly in the SCW solution both he®2@73) and at amb

ent temperature (~22°C). Figure 1 shows the ststigsn curves for specimens tested at three different
applied potentials. The higherdhapplied potential, the lower the strain (time) to rupture. Figure 2
summarizes the time to failure of Alloy 22 in hot and ambient SCW as a function of the applied pote
tial. In hot (7386°C) SCW, the longest time to failure or lowest susceptibility &CEcorresponded to

the specimen strained at the free corrosion potentigl(er at approximately-150 mV SSC. The time

to failure decreased as the applied potential shifted in either the anodic or cathodiodi(Eigure 2).

As the applied potentiahcreased in the anodic direction up to +400 mV SSC, the time to failere d
creased rapidly from near 125 h to approximately 80 h (Table 2 and Figure 2). In the cathodic side of p
tentials, the decrease was less pronounced. In SCW at 90°€180® mV SSCthe time to failure @-
creased only to near 110 h. On the other hand, in the SCW solution at ambientdiemgehe behavior

of strained Alloy 22 was almost the opposite that the one in the hot SCW solution. That is, at the ¢



thodic potential 01000 mVSSC the time to failure was 100 h (Table 2 and Figure 2) and in the anodic
direction practically there was not a reduction of the time to failure (Figure 2). That is, sbepsibility

to EAC in hot SCW increased as the anodic potential increased lamiment SCW, the susceptibility

to EAC increased in the cathodic region atgntials.

Figure 3 shows the appearance of the strained Alloy 22 electrodes in hot SCW solution, both &t the co
rosion ptential (Eor) and at the anodic potential of +400 n8SC. The mode of failure at.& was

ductile with a eduction of area of 80% (Table 2) and without secondary cracking (Figure 3). At +400
mV SSC, the specimen failed with little reduction of area (44%) and had a high concentration of typical
EAC secondar cracking (Fgure 3). Figure 4 shows the appearance of the electrodes strair@QGa

mV SSC both at 90°C and at ambient temperature. The EAC effect was more pronounced at ambient
temperature. Figure 3 (c) and Figure 4 (a and c) show the differenbe ifndcture mechanism between
anodic and cathodic potentials. Macroscopically, at anodic potential (Fig. 3c) the fracture was almost
perpendicular to the straining direction; however, at cathodic potential (Fig. 4a and c) the fracture plane
was oriented gmroximately at 45° from the straining direction. In a more microscopic scale, th@seco
dary cracks are almost indistinguishable (Figures 3 and 4, d); however, it appears to be more grain
boundary localized at the cathodic than at the anodic potentiatgird=-da and c show little reduction in

area in both specimens strained-A000 mV SSC, of similar magnitude than the specimen strained in
hot SCW at +400 mV SSC (Figure 3 c). Table 2 shows that the RA for specimens A&128nd 036

were respectively 48%nd 43% and for specimens ARCGR33 was 44%. However, Figure 4c shows a
much lower amount and depth of secondary cracking than Figure 3c. It is evident than a differkent crac
ing mechanism was operating at cathodic potential than at anodic potential. Mibgr22 specimens

were strained to rupture in air, the fracture region has pronounced necking or reduction in area (Table 2)
similar to the observed at.g; (Figure 3a).

One Alloy 22 specimen (ARC2094 in Table 2), which was thermally aged by expgsia 700°C for

173 h, was strained in SCW at 86°C at a potential negt. EEven though this specimen contained-se

ond phase precipitates as a consequence of the thermal aging, it exhibited little effects of EAC similar to
the mill annealed (noiaged) spcimens tested in similar conditions.

Effect of the Temperature

Temperature seems to play an important role on the susceptibility of Alloy 22 to EAC. Figure 5 shows
the stress strain curves for two specimens strained at the same applied potentiah{A40@ at differ-

ent temperatures. The specimen strained at ambient temperature had an elongation to rupture similar to
the one in air, however the specimen strained at 73°C had an elongation to rupture approximately 25%
lower. Figure 6 shows that, as ttemperature increased, the time to failure for the specimens strained in
SCW at +400 mV SSC decreased. The decrease in the time to failure as the temperature increased
seemed practically continuous, without an apparent timidsvalue. However, Figure 7 stvs that there

is an obvious difference on the appearance of the strained electrodes after rupture. The specimen strainec
at 65°C had considerably more evidences of EAC than the specimen strained at 50°C (Figure 7).

The effect of the temperature on thasceptibility of Alloy 22 to EAC was also evident in the cathodic
region of potatials. However, in the cathodic region, the effect of the temperature was just the opposite
as in the anodic region of potentials. That is, the susceptibility of Alloy 22A€ in SCW solution was

more pronounced at ambient temperature than at 90°C. Similar findings were reported before by other
researchers’?**° Figure 4 (a and c) shows the characteristics of two electrodes, one strained at 90°C



(Fig. 4a) and the otheat ambient temperature (Fig. 4c). It is apparent that the specimen strainediat amb
ent temperature suffered a higher amount of secondariiac

Effect of the Electrolyte Composition

The main focus of the research reported here was to evaluate gumsesof Alloy 22 electrodes strained

in SCW solution at different temperatures and applied potentials. It was reported before that Alloy 22
was susceptible to EAC in SCW solution but it did not suffer cracking in othesimes of concentrated
ground wates such as SAW and BSW®?! A few tests were carried out to try to identify the cooap

nents of SCW that could be responsible for the EAC of Alloy 22. Table 2 shows the results of straining
tests performed in NaF and NaCl solutions. Figure 8 shows thessstrain curves of Alloy 22 at anodic
amlied potentials in three different environments. Even though the applied potentials and temperatures
are not exactly the same between test and test shown in Figure 8, it is apparent that SCW wap more a
gressive than 1 M NaF solution and NaF more aggressive than the NaCl solution. Table 2 and Figure 2
also shows that at the cathodic applied potential, the time to failure was longer in the NaF solution than
in the SCW solution.

Figure 9 shows the appearance of #ectrodes strained in NaF and NaCl solutions. Figures 9a and b
show that NaF solution produced shallow brittle transgranular secondary cracks on the surface of the
strained electrode; however, the NaCl solution did not cause any EAC damage to theleléeigore

9c). It is apparent that fluoride ions, as one of the components of SCW, could be partially responsible
for the embrittlement at the anodic potentials in SCW (Figures 2 and 3); however, under the same tested
condtions, the SCW solution was fanore aggressive than the pure fluoride solution (Figures 2 and 8).

It is likely that more than one component in SCW could act synergistically to produce the dabrage o
served in the hot SCW solution at the anodic potentials. This needs to be studied, forttably by
preparing partial SCWadutions; that is, removing one constituent at the time and observing the effect
on the EAC of Alloy 22.

CONCLUDING REMARKS

Results from testing show that Alloy 22 is practically immune to EAC in concentratedd@leolutions

both at the corrosion potential and at anodic potentials. Alloy 22 may suffer SCC in hot SCW solution in
the anodic potential and small amount of hydrogen damage in ambient SCW at the highly catiodic p
tential of —=1000 mV SSC. In the viaity of the corrosion potential, Alloy 22 was free of any EAC.
Moreover, it has been shown that only actively loaded specimens (e.g. SSRT) would crack in hot SCW
at anodic applied potentialé**® That is, specimens containing residual stresses or constamtand
subjected to anodic polarization in hot SCW would not suffer EAC. Nevertheless, for conservative pu
poses, before emplacement, it is planning to relieve the welding induced residual stresses of the contai
ers by either laser peening or butniisg.
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CONCLUSIONS
Mill annealed (MA) Alloy 22 was susceptible to EAC in hot SCW solution at anodic appled p
tentials approximately 36800 mV more positive than&.

In the anodic region of potentials, the susceptibility to EACrdased as the temperature-d
creased. EAC was not observed for specimens strained in SCW at ambient temperature.

Alloy 22 also suffered EAC in SCW at1000 mV SSC, especially at ambientigerature.

Fluoride seems more detrimental than chlofaiethe EAC resistance of Alloy 22.
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TABLE 1
TYPICAL MECHANICAL PROPERTIES OF PLATE AND SHEET ALLOY 22

Heat Tensile Yield Stress  Elongationto Hardness ASTM
Strength [UTS] [0.2%] (MPa)  Rupture (%) (RB) Grain
(MPa) Size
Sheet-22778- 824 412 62 92 55
3203
Plate— 2277-8-3126 766 387 64.4 83 4




TABLE 2
SLOW STRAIN RATE (~1.67 X 10° S) TESTING OF MA ALLOY 22

San- Solution pH Tem Econ Eam. Timeto UTS RA Observations
ple p. (mv, (mvV, Failure (MPa (%) Stereomicroscope
(°C SSC) SSC) (h) ) X 40 and X100

012 Air None 22® None None 124 786 74  Ductile, Necking

040 Air None 22 None None 123 813 70 Ductile, Neckimy

031 SCW 9-10 90 -168 -1000 111 746 48  Shallow incipient SCC.
Little or no necking

034 SCW 9-10 90 -143 Ecorr 129 712 80 No SCC. Necking

094 SCWwW 9-10 86 -123 -23 116 751 66  Dark Sample. Shallowni

(B) cipient SCC. No nddng

026 SCW 9-10 73 -241  +100 120 764 79  Ductile Failure, neking.
No SCC

023 SCWwW 9-10 73 -224  +200 DNB DNB 72  Necking. Incipient or
Shallow SCC

025 SCW 9-10 73 -172  +200 116 776 80  Necking. Incipient or
Shallow SCC

029 SCW 9-10 89 -144  +200 112 678 73  Necking. Incipient o
Shallow SCC

030 SCW 9-10 85 -182  +300 98 725 65 SCC

113 SCWwW 9-10 75 -200 +317 116 765 63  Shallow incipient SCC.
Dissolution

032 SCW 9-10 50 -129  +400 110 757 75  Shallow incipient SCC.
Necking

134 SCW 9-10 65 -217  +400 97 684 59 SCC

021 SCW 9-10 73 -172  +400 90 665 64 SCC

112 SCWwW 9-10 73 -93 +400 91 697 71 SCC

033 SCW 9-10 86 -169  +400 76 642 44  SCC

036 SCW 9-10 22 -43  -1000 100 785 43  Incipient SCC. No ndc
ing

132 SCW 9-10 22 -97 -750 118 792 70  Shallow incipient SCC

038 SCW 9-10 22 -66 -500 117 798 82  Necking. No SCC

037 SCW 9-10 22 -76 Ecorr DNB (C) DNB 32 NosScCC

020 SCW 9-10 22 -109 +291 116 800 85  Ductile Failure, neking.
No SCC

133 SCW 9-10 22 -128  +400 124 798 80 Necking. No SCC

123 4MNaCl 6.2 98 -323 +349 127 762 80 No SCC. Necking
098 1MNaCl 69 90 -104 +400 74(D) 660 76 NoSCC.Crevice Co

sion

099 1M NaF 10 22 -159 -1000 115 794 65  Shallow incipient SCC.
Necking

091 1M NaF 9.2 85 133 Ecorr 112 756 67 No SCC. Necking

130 1M NaF 7.6 90 -244  +400 112 727 67  Incipient SCC. Neking.

(A)Tested at Ambient Temperature, (B) Sample aged at 700°C for 173 h. (C) DNB = Did not break
(equipment stoppage), (D) Short failure time due to creviceoson at the coating interface.
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FIGURE 1: StressStrain curves of Alloy 22 in SCW as a function of the applied potential.
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FIGURE 2: Time to failure of Alloy 22 specimens strained at different potentials.
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FIGURE 3: SEM images of Alloy 22 specimens strained in SCW: (a) and (b) ARI32290°C, Eor
(c) and (d) ARC033, 86°C, +400 mV SSC).
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FIGURE 4: SEM images of Alloy 22 specimens strained in SCW: (a) and (b) ARI32290°C 1000
mV SSC (c) and (d) AR36, 22°C-1000 mV SSC).
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FIGURE 5: StressStrain curves of Alloy 22 in SCW as a function of the temperature.
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FIGURE 6: Time to failure of Alloy 22 specimens strained at different temperatures.
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FIGURE 7:SEM images of Alloy 22 specimens strained in SCW at +400mV SSC: (a) ARG2aAt
50°C and (b) ARG134 at 65°C.
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FIGURE 8: StressStrain curves of Alloy 22 in SCW as a function of the electrolyte composition.
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FIGURE 9: SEM images of Alloy 22 specimens strained in: (a) and (b) ARCH2in 1M NaF at 90°C
and +400 mV SSC and (c) ARC23 in 4 M NaCl at 98°C and +349 mV SSC.
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